The DC performances of InP/InGaAs single and double heterojunction bipolar transistors (SHBT and DHBT) are compared and studied. The temperature-dependent characteristics of both devices are also presented. Due to the use of a 4000Å InP collector, the studied DHBT exhibits a higher breakdown voltage than the SHBT. The common-emitter breakdown voltages of the studied SHBT and DHBT are higher than 2 and 10 V, respectively. In addition, based on the employment of a tunnelling emitter barrier, the emitter injection efficiency is improved substantially, so a very low offset voltage (<50 mV) is obtained for the studied SHBT device. Furthermore, the common-emitter DC current gain of the studied SHBT is relatively independent of the temperature at low and middle current regimes. On the other hand, the studied DHBT has a smaller current gain due to the collector current blocking effect described.
Introduction
The InP/InGaAs heterojunction bipolar transistor (HBT) was first reported by Kanbe et al with a significant DC current gain of over 500 [1] . InP/InGaAs HBTs exhibit some specific advantages over traditional AlGaAs/GaAs HBTs, as follows. The lower base-emitter (BE) junction turn-on voltage, due to the smaller band gap of the InGaAs base, can reduce the power consumption. The lower surface recombination velocity of InGaAs allows the scaling down of device dimensions. The large valance band discontinuity ( E V ) improves the emitter injection efficiency. The larger -L valley separations of InGaAs and InP can be used to reduce the collector transit time and can improve the high frequency characteristics. On the other hand, a novel device, the tunnelling emitter bipolar transistor (TEBT), was proposed by Xu and Shur [2] . This device structure uses a thin tunnelling barrier in place of the wide band gap emitter. The tunnelling barrier inserted between the base and emitter layer acts as an effective mass filter for electrons and holes [3] [4] [5] [6] . The emitter injection efficiency is then improved based on the very large difference of tunnelling probability between electron and hole in the tunnelling barrier layer [7] .
Generally, InP/InGaAs HBTs suffer the drawbacks of high output conductance and low breakdown voltage due to the small energy band gap and poor thermal conductivity in the InGaAs collector. Therefore, InP/InGaAs HBTs are mainly useful for low-voltage and low-power dissipation applications. These disadvantages can be improved by replacing the InGaAs collector with an InP layer [8] . However, the electron blocking effect resulting from the conduction band discontinuity ( E C ) at a base-collector (BC) heterojunction will lead to detrimental influences such as reduced current gain, increased saturation voltage and extra charge storage [8, 9] . In this work, the InP/InGaAs single-and double-heterojunction bipolar transistors, denoted as SHBT and DHBT, respectively, with an InP tunnelling barrier between the InGaAs emitter and base, similar to the TEBT structure mentioned above, are fabricated and demonstrated. For the studied SHBT and DHBT devices, a 200Å n − -InGaAs spacer incorporated with a δ-doping sheet is introduced between the p + -InGaAs base and n − -InP collector to suppress the undesired potential spike and current blocking effect [10, 11] . Also, the temperature-dependent characteristics of the studied InP/InGaAs SHBT and DHBT are systematically compared and investigated.
Experiments
The studied SHBT and DHBT structures were grown on Fedoped semi-insulating (SI) InP substrates by a low-pressure metal organic chemical vapour deposition (LP-MOCVD) system. Silane (SiH 4 ) and dimethyzinc (DMZn) were used as the n-type and p-type dopants, respectively. ). After epitaxial growth, the devices were fabricated by using conventional photolithography, vacuum evaporation, chemical wet etching and lift-off techniques. AuGe/Au was used as the n-type (emitter and collector) Ohmic contact metal. AuZn was used to form the p-type (base) Ohmic contact. The current-voltage (I-V ) characteristics were measured by an HP4156A semiconductor parameter analyser. Figure 2 illustrates the I-V characteristics of the BC junction of the studied SHBT and DHBT devices. The BC junction turnon voltage (V BC,on ) of the studied SHBT (DHBT) devices, defined at a current of 100 µA, is 0.38 V (0.48 V) at room temperature. The breakdown voltage V BR of the BC junction of the studied SHBT (DHBT), defined at a current of 100 µA, is 7.9 V (15.6 V). Due to the use of double heterojunction structure, the studied DHBT device has both larger turn-on and breakdown voltages than the SHBT. The V BR values of the BC junction as a function of temperature are shown in the inset of figure 2. Clearly, the breakdown voltages decrease as the temperature is increased due to a decrease in the energy band gap which causes an increase in the thermal induced minority carriers and leakage current.
Results and discussion
Figures 3(a)-(c) illustrate the typical common-emitter I-V characteristics of the studied InP/InGaAs SHBT and DHBT at different temperatures 25, 175 and −196
• C, respectively. As shown in figure 3(a) , the common-emitter breakdown voltage (BV CEO ) of the SHBT is about 2 V. The contribution of thermal generation apparently causes the increase in collector current I C which can be expressed as [12] where α n is the base transport factor, M is the carrier avalanche multiplication factor, I CBO is the collector leakage current and I B is the base current. Due to the low energy band gap (E g ) of InGaAs material, the phenomenon of thermal generation and electron tunnelling from the collector space charge region into the base is important. So, the I CBO of InGaAs-based devices is relatively larger than those with a larger energy band gap material, e.g., GaAs. In addition, the M value is much larger in InGaAs under a given collector bias voltage. These factors cause low breakdown voltage and high output conductance in the InGaAs collector [13] . Due to the use of a larger energy band gap and a smaller impact ionization coefficient of InP-collector structure, improvements in output conductance and breakdown voltage of the DHBT are observed. Experimentally, the studied DHBT shows higher common-emitter breakdown voltage than SHBT at the measured temperature. As the temperature is increased, I CBO is rapidly increased and the negative temperature coefficient of I CBO results in the decrease of breakdown voltage as shown in figure 3(b) . Because of the relatively larger energy band gap of the InP collector, the I CBO of the DHBT is several orders of magnitude less than that of SHBT with a lower energy gap InGaAs collector. In addition, the DHBT exhibits lower leakage current than the SHBT at a higher temperature. At the low temperature of −196
• C, the measured collector current I C value of the studied SHBT is higher than at room temperature. The larger current can be explained by the increased current gain at lower temperature as shown in figure 3(c) [14] . However, attributed to the current blocking effect, undesired knee-shaped curves are found for the DHBT, especially at the low temperature of −196
• C. So, as the temperature is decreased from 25
• C to −196 • C, the collector current I C (measured at a fixed base current of I B = 180 µA) of the studied DHBT decreases drastically from about 12 mA to 5 mA which indicates a 58% decrease in current gain β. In addition, in figure 3(c) , the studied DHBT device presents a high knee voltage and collector-emitter offset voltage V CE . These results are mainly caused by the current blocking effect resulting from the presence of a potential notch at the BC junction. The substantial differences between V CE of the studied SHBT and DHBT at different temperatures are found. The enlarged common-emitter I-V characteristics near the origin are shown in the insets of figure 3 . The V CE values of the studied SHBT (DHBT) are about 40 (70), 50 (75) and 120 (175) mV at 25, 175 and −196
• C, respectively. Generally, V CE is a function of q B (barrier height at EB), q B (barrier height at BC) and q V C (potential spike at EB junction). Due to the employment of the tunnelling emitter, the studied devices (SHBT and DHBT) exhibit relatively low V CE values. This expresses that the tunnelling emitter can increase electron injection efficiency. So, the V CE characteristics are similar to those of homojunction bipolar transistors. • C, respectively. The η C values of both SHBT and DHBT are close to unity. This indicates that the transport of electrons across the EB heterojunction is dominated by the thermion-emission and diffusion mechanisms. In general, the base recombination currents of a typical HBT consist of four components, i.e. (a) surface recombination on the extrinsic base surface, (b) bulk recombination in the base region, (c) recombination in the EB space charge region and (d) injected current from base into emitter [15] . The near unity values of η B reveal that 1 KTlike base current components dominate the whole base current. As the temperature is increased, the slopes of both collector and base currents decrease and the ideality factors have similar tendencies. As the temperature is increased, the thermionicemission and diffusion mechanisms dominate the electron transport across the EB heterojunction and the contribution of 1 KT bulk recombination current in the base region is increased. Figure 7 shows the temperature dependences of DC current gain β on the collector current of the studied SHBT and DHBT. The collector-base voltage is kept at V CB = 0 V. The variations of DC current gain β with temperature are illustrated in the inset of figure 7. In the high collector current regime (I C > 20 mA), it is obvious that the DC current gain of the studied SHBT device exhibits a decreasing trend as the temperature is increased from 25 • C to 175 • C. In contrast, the DC current gains of the studied SHBT exhibit relatively temperature independent performance at low and middle current regimes. These results show that the thermal effect plays an important role in influencing the current gain behaviour. The current gains of the studied SHBT in the higher collector current regime (>60 mA) are decreased drastically. In contrast to the SHBT, the current gain of the studied DHBT exhibits an increasing trend when the temperature is increased from 25
• C to 175
• C. This is attributed to the easier transport of electrons passing through the heterostructure notch as the temperature is increased. 
Conclusion
The DC characteristics of InP/InGaAs single and double HBTs with a thin tunnelling barrier layer are studied and compared. Also, the temperature-dependent properties of both devices are presented. Based on the use of an InGaAs collector in the SHBT, the smaller common-emitter breakdown voltage of 2 V is obtained. It is known that the avalanche impact ionization is the dominant breakdown mechanism of the studied SHBT. Due to the tunnelling emitter barrier structure employed, the emitter injection efficiency is improved and high current gain and low offset voltage are obtained simultaneously. In addition, the common-emitter DC current gain of the studied SHBT and DHBT devices is relatively independent of temperature at low and middle current regimes. In contrast to the SHBT, the studied DHBT has a smaller current gain due to the collector current blocking effect presented. However, the breakdown characteristics of the DHBT are improved significantly, with the commonemitter breakdown voltage up to 10 V.
